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Abstract 

A recently developed model that unifies the ballistic and diffusive transport 
mechanisms is applied in a theoretical study of carrier transport across poten- 
tial barriers at grain boundaries in microcrystalline semiconducting materials. 
In the unified model, the conductance depends on the detailed structure of 
the band edge profile and in a nonlinear way on the carrier mean free path. 
Equilibrium band edge profiles are calculated within the trapping model for 
samples made up of a linear chain of identical grains. Quantum corrections 
allowing for tunneling are included in the calculation of electron mobilities. 
The dependence of the mobilities on carrier mean free path, grain length, 
number of grains, and temperature is examined, and appreciable departures 
from the results of the thermionic-field-emission model are found. Specifically, 
the unified model is applied in an analysis of Hall mobility data for n-type 
/ic-Si thin films in the range of thermally activated transport. Owing mainly 
to the effect of tunneling, potential barrier heights derived from the data are 
substantially larger than the activation energies of the Hall mobilities. The 
specific features of the unified model, however, cannot be resolved within the 
rather large uncertainties of the analysis. 
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I. INTRODUCTION 



Over the past decades, a great deal of interest has been devoted to the study of the 
transport properties of micro cry stalhne semiconducting materials The commonly 

adopted viewpoint is that these properties are largely determined by potential barriers built 
up at grain boundaries due to charge carrier trapping into interface states 0. Carrier 
transport across these barriers is mostly described in terms of the traditional thermionic- 
emission model 0], or the thermionic-field-emission model in which corrections allowing 
for quantum tunneling through the barriers are included. 

Systematic studies of the transport properties in microcrystalline materials are usually 
based on measurements of Hall mobilities in thin films Seto [|l^ has been the first 

to perform a detailed theoretical analysis of Hall data, applying the grain-boundary trap- 
ping model in conjunction with the thermionic-emission model. For p-type /xc-Si thin films, 
potential barrier heights and trapping-state densities were deduced for different doping con- 
centrations. In a large number of subsequent studies (see, e.g., Refs. pn]-pO|, and references 
cited therein). Hall mobilities were analyzed with regard to their dependence on temperature, 
doping concentration, and film thickness. While, in general, these analyses have supported 
the picture of thermally activated transport over grain boundary barriers, the quantitative 
understanding of barrier-controlled transport appears to be incomplete yet. For example, 
the effect of tunneling and the detailed form of the density of grain-boundary trapping 
states |2T|J2^ need further clarification. 

In the present paper, we concentrate on one particular aspect of the decription of barrier- 
controlled transport that does not seem to have been systematically studied until now, viz., 
the role played by the transport mechanism. In many practical cases, the magnitude of the 
carrier mean free path in microcrystalline material is comparable to the grain length, and so 
it appears indicated to consider departures of the transport mechanism from the commonly 
assumed thermionic-emission mechanism. A framework well suited to deal with this situation 



is provided by the unified transport model developed recently by the present authors p3 



This model unifies the ballistic and diffusive transport mechanisms in a generalization of 
the Drude model. The unified model is valid for arbitrary shape of the band edge profiles 
and for arbitrary magnitude of the carrier mean free path. 

In the next section, the main features of the unified transport model are briefly summa- 
rized and discussed. In Sec. HI, electron mobilities calculated within the unified model are 
presented and analyzed with regard to their dependence on various parameters. Compari- 
son is made with the thermionic-field-emission model. Section IV deals with the application 
of the unified model in an analysis of Hall mobilities for n-type /ic-Si thin films. By suit- 
ably choosing the model parameters, grain-boundary potential barrier heights are inferred 
from the Hall data. Finally, in Sec. V, the contents of the paper are summarized and some 
concluding remarks are made. 



II. UNIFIED TRANSPORT MODEL 

In this section, we summarize and discuss the essential features of the unified transport 
model |2^. A one-dimensional formulation is used in conjunction with the semiclassical 
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approach. We restrict ourselves to considering the case of electrons (holes are described 
analogously) . 

The unified model is based on the idea that electrons move ballistically in the electric 
field over intervals with average length equal to a universal mean free path /. At the end of a 
ballistic interval, the electrons are thermalized into a state of local equilibrium characterized 
by a quasi- Fermi level Ep{x). The length S of the sample is made up of random configura- 
tions of ballistic intervals. By appropriately averaging over these configurations, one arrives 
at a unified description of electron transport, which is valid for arbitrary magnitude of I 
and for arbitrary shape of the conduction band edge profile Ec{x). The purely ballistic and 
purely diffusive transport mechanisms appear as limiting cases of this description. 

For the present purpose, the principal result of the unified model is the formula for the 
zero-bias conductance per unit 

[13 = l/ksT), which allows for degeneracy and quantum tunneling. This formula comprises 
Eqs. (46) and (48) of Ref. |2^, in which degeneracy and tunneling corrections, respectively. 



were taken into account separately. In Eq. (p, ii^p = — Ep, where E^ is the maximum of 
the band edge profile Ec{x) for < x < S and Ep is the Fermi level for zero bias (note that 
in the degenerate case, E^ may be negative). The quantity F is the tunneling correction, and 
L is the "effective transport length" . In accordance with our description of carrier transport 
along classical trajectories, we treat tunneling in WKB approximation. 

As we deal here with chains of identical grains, it is sufficient to consider tunneling 
through a single, symmetric potential barrier with maximum E^ at x = X (cf. Fig. p. 
The correction F, defined as the ratio of the energy-integrated WKB and classical barrier 
transmission probabilities, is then given by 

r = l + [ln(l + e-'».)]-',3/^ (2) 

where E^ = Ec{X — s/2) is the value of the band edge profile at the center of the grain. For 
the WKB tunneling probability T^^^{E), we have 

T™(^) = exp (^-{2/h) dx{2m*[E,{x) - ^]}'/') . (3) 

Here, Xi and X2 are the positions of the left and right turning point, respectively, of the 
classical electron motion at total energy E. 

The effective transport length L has the form 

L = l + S + K. (4) 

It comprises, aside from the mean free path I which represents the ballistic contribution 
to electron transport, the "reduced sample length" 5* and the "shape term" A. While S 
reflects the diffusive contribution, A represents the interplay between ballistic and diffusive 
transport. For a chain of v identical grains, each of length s, the reduced sample length is 
given by 
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S = u s = uT / dxF{x) , (5) 
Jx-s 

where 

Fix) = ^ - (6) 

^ ' ln(l + e/^I^F-^=(=^)l) ■ 

For the shape term, we have 

A = (zy- 1) A = (i/- 1) (ixe-2|"-(^-^/2)IA [1 

= (z/ - 1) I (1 - e-^/') / - r j^"" rfx e-2|-(^-/2)IA F{x) | . (7) 

It is seen from Eq. (P that, except for an overall factor, the quantity R = T^^ (L/l) is 
the resistance of the chain. We split up R into a net ballistic contribution i?b and a net 
diffusive contribution R^, 

R = T-'j = R^ + Rd. (8) 

Using Eqs. (H), (|^), and (0), we find for the ballistic contribution (which is proportional to 
the inverse of the probability for transmission through the barriers) 

R^ = T-'[l + {u-l){l-e-^/')]. (9) 

In this expression, one barrier contributes fully ballistically, while the contribution of the 
other z/ — 1 barriers is weighted by the probability 1 — exp(— s//) that one or more collisions 
(thermalizations) occur within the distance s in the valley between one barrier and the 
next. Without such collisions, the barrier at the end of the valley would not contribute; it 
would be "eclipsed" by the preceding barrier (cf. Ref. PSf). The contribution of each barrier 



contains the factor T , which takes into account the reduction of the resistance arising from 
tunneling. For the diffusive contribution, we have 

R^= ^[u-{u- i)e-2|-(^-/2)IA] F{x) . (10) 

Here, each of the u intervals contributes its diffusive resistance, but this is diminished by 
the ballistic contributions of the z/ — 1 valleys, which enter in the weight factors exp[— 2|a:; — 
(X — s/2)\/l] representing the probabilities for collision-free motion. 

The energy E above which the tunneling probability T^^^{E) becomes appreciable is 
usually larger than E^. The associated turning points lie within a region of width A, which 



defines the "tunneling interval" |23], i.e., the distance across which tunneling can occur (cf. 
Fig. |l|). Since tunneling is a ballistic process, one must have A ^ /, and we must exclude 
ballistic interval lengths smaller than A when averaging over the configurations made up of 



these intervals p3|. This should entail a relative reduction of order A// of all integrals over 
X in Eqs. (|), (0), and (p^O]). In the application considered in Sec. IV, we have A/l < 0.2, and 
in view of the other simplifications of the model we omit the corresponding correction in our 
calculations. This procedure may be viewed as a heuristic description of the simultaneous 
occurrence of tunneling and diffusion. It differs from that of Ref. where the tunneling 
interval has been excluded from the above-mentioned integrals. 
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III. ELECTRON MOBILITIES 



In the unified transport model, the (effective) electron mobility fi for a chain of u identical 
grains of length s is given by 

where g is the conductance of Eq. (|1|) and n is the electron concentration averaged over a 
grain. The effective length L depends explicitly on the mean free path I and on the number 
of grains, u [cf. Eqs. In particular, 

f 1/(1 + s) for z/ = 1 , 
1^ « \ , / T ~N r (12) 

^ \ //(A + s) for z/ ^ oo . ^ ^ 



Note that the expression ([lT|) refers to an ideal, one- dimensional situation with strictly 
homogeneous grain boundaries. 

Aside from the explicit dependence of the mobility fi on the mean free path I, an implicit 
dependence on I arises from the dependence of the band edge profile Ec{x) on the donor 
concentration A^d- Adopting a relation between I and A"d obtained from Ref. we examine 
here the characteristic behavior of as a function of mean free path I (or donor concentration 
A'd), grain number z/, and grain length s, and compare it to the behavior found for thermionic 
field emission. For that mechanism, the mobility is obtained by setting u = 1 and L = I 
in Eq. (|Tl|) [the /-dependence of the mobility is then determined solely by the implicit /- 
dependence of the band edge profile]. 

Using Fermi-Dirac statistics and assuming the grain boundaries to be infinitesimally 
narrow, we calculate equilibrium band edge profiles Ec{x) within the trapping model by 
numerically solving the nonlinear Poisson equation (thereby going beyond the depletion 
approximation [|10|) for a single grain under periodic boundary conditions p3| , p5| , p6| . The 



density Dt{E) of trapping states at a grain boundary is taken as the sum of a term corre- 



sponding to a deep level at energy Eq and an exponential describing tail states extending 
from the bulk conduction band edge at Ec down into the gap, i.e., 

D,{E) = No6{E - Eo) + ^e'^^-^)/^ . (13) 

Electron mobilities for n-type /xc-Si at room temperature (T = 300 K), calculated from 
the unified-model expression (pJ]), are displayed in Figs. ^|-^ as a function of the parameters 
/, z/, and s. For the parameters in the trapping-state density Dt{E), we have used values 
that emerged from our previous analysis of Hall mobility data for phosphorus-doped /ic-Si 
within the thermionic-field-emission model including a fully quantal treatment of tunneling 
0, viz., A'o = ao + ai A^d (ao = 3.54 x lO^^ ^,^^-2^ ^ ^ gg ^ iq-i ^^^^^ ^ {E^ + E^)/2 
{E^ = bulk valence band edge),/? = 1 x 10^^ cm~^ eV~^, e = 28 meV. For exhibiting 
characteristic features of the unified model, this choice appears adequate. We will reconsider 
the determination of the parameter values in the trapping-state density in Sec. IV where 
Hall mobility data are analyzed within the unified model. 

In Fig. H, mobilities are shown as a function of mean free path / (or of donor concentration 
Ad) for a single grain {u = 1) and for a chain of many grains {u oo) [cf. Eq. (0)]. 



5 



For comparison, the mobility of the thermionic-field-emission model is also shown. The 
pronounced minimum observed in all curves is associated with the transition from complete 
depletion of the grains to partial depletion when the donor concentration increases beyond 



a critical value |]l0[- In the range / ~ s, the unified-model mobility for z/ — > oo is larger by 
about 50%, on average, than that for u = 1. For larger I, the ratio of these two mobilities 
tends to diverge, with a variation proportional to l/s when / ^ s [cf. Eqs. (0) and ([121) ]. 



The transport mechanism in the unified model becomes purely ballistic in the large-/ 
limit. Therefore, for a single grain, the corresponding mobility shown in Fig. 2 approaches 
that for the thermionic-field-emission mechanism which is also purely ballistic. On the 
other hand, for a chain of grains, the thermionic-field-emission model (and, of course, the 
thermionic-emission model as well) identifies the conductivity, and hence also the mobility, 
of a single grain with that of the whole chain. It thus tacitly assumes that the mean free 
path / is long compared to the width of the barriers but short compared to the length of the 
grains, so that while moving through the grains, the electrons are thermalized and "face" 
each grain boundary barrier with the same thermal distribution as when passing over the 



previous one (cf. Sec. 4.1 of Ref. I^S])- '^^^ thermionic-emission model is then no longer a 
purely ballistic model; for z/ > 1, its results for large I must differ from those of the unified 
model, in which the barriers begin to "eclipse" each other when I becomes larger than the 
distance s between them. 

The infiuence of tunneling on the unified-model mobilities is illustrated in Fig. ^. The 
tunneling correction F given by Eq. (^ is seen to rise rapidly with decreasing mean free 
path / in the range / < 30 nm. This behavior is traced to the rapid narrowing of the 
grain-boundary barriers (and to the concomitant increase in their transparency) when the 
donor concentration increases beyond 10^^ cm~^. In Eq. (|llD, the quantity F enters as 
an overall factor and via the F-dependence of the effective length L in the denominator [cf. 
Eqs. (H), (H), and (|^)]. It appears that the latter dependence has small influence only, and 
thus tunneling enhances the mobility essentially by a factor F over its classical value. 

In Fig. ^, unifled-model mobilities are shown as a function of the number of grains, u. 
Sizeable variations of the mobility are restricted to the range of small u and very low donor 
concentration A^^d. The //-dependence of the mobility arises from the eclipsing effect, which 
is most notable when comparing the transport across one barrier (z/ = 1) with that across 
two or three barriers {u = 2, 3). As the number of barriers increases, the eclipsing effect of 
the added barriers becomes negligible, and the mobility becomes independent of u [cf. Eq. 
(P^)] (but not equal to that for a single grain). 

The dependence of the mobilities of the unifled and the thermionic-fleld-emission models 
on the grain length s is displayed in Fig. |^. A rapid decrease of the mobility with increasing 
s is observed at low donor concentration close to the minimum in the Ad-dependence of 



/i appearing in Fig. g (cf. also Ref. [|10|)- For very low A"d, there are strong discrepancies 
between the results of the unifled model and those of the thermionic-fleld-emission model, 
in particular in the range of small s. 

For large numbers of grains {u oo) and for mean free paths comparable to the grain 
length (/ ^ s), i.e., for parameter values encountered in many experimental studies, the 
results of Figs. ^|-^ show that (i) the unifled-model mobility is fairly close to the mobility 
of the thermionic-fleld-emission model; (ii) tunneling accounts for up to 50% of the unifled- 
model mobility; (iii) the unifled-model mobility is virtually independent of the number of 
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grains; (iv) as a function of grain length, the unified-model mobihty exhibits rapid variations 
when the donor concentration is low. 



IV. APPLICATION: ANALYSIS OF HALL MOBILITIES 

In this section, we apply the unified transport model in an analysis of Hall mobility 
data for thin films of n-type /xc-Si. Following common practice [Q, we identify the effective 
mobility n given by expression ([TT|) with the Hall mobility fi^L- By fitting, in the range of 
thermally activated transport, the temperature dependence of fi to that of /in, we infer true 
potential barrier heights, which solely reflect structural properties of the grain boundaries. 
The deviations of the Hall activation energies from the true barrier heights exhibit the effect 
of the transport mechanism on the mobilities. 



A. Activation energies and barrier heights 

Our analysis is based on Hall data obtained for samples of highly phosphorus-doped nc- 
Si:H thin films, with thickness varying between 0.15 and 0.28 /im and average grain length 
s ~ 15 nm (for details, see Refs. [19,20|). In Fig. ^ the temperature dependence of the Hall 



mobilities fxu is shown in an Arrhenius plot. Fitting straight lines to the mobilities in the 
high-T range, i.e., assuming the mobilities there to have the form 

fin = fin exp{-EjknT) , (14) 

we have determined values for the preexponentials /i^ and the activation energies E.^ for the 
different samples (by restricting ourselves to the high-T range, we avoid entering a discussion 



of the intricacies of curved Arrhenius behavior; cf. Ref. ||28|, and references cited therein). 
In Table I, the values of //^ and E^, are listed along with donor concentrations A^d estimated 



|T9| from the electron concentrations by using Seto's model |jT^. The mean free paths / 



corresponding to the A^d- values vary between 10 nm and 20 nm (cf. inset in Fig. i.e., the 
condition / s is fulfilled. 

In Fig. ^ the temperature dependence of the mobilities of the unified model (for grain 
number u —>■ oo) and the thermionic-field-emission model for grain length s = 15 nm and 
different values of the donor concentration A^d is displayed in an Arrhenius plot. For the 
parameters in the trapping-state density Dt{E), the same values as in the calculations shown 
in Figs. 1^-^ were used. Major deviations from pure Arrhenius behavior are observed only 
for the unified-model results at A^d = 3 x 10^° cm~^ and low temperatures. These may 
be attributed to the strong temperature dependence of the Fermi level in that parameter 
range and its effect on the terms A and s [cf. Eqs. (0) and ([12|) ]. In those temperature 



ranges where the different data sets in Fig. ^ exhibit Arrhenius behavior, the temperature 
dependence of the corresponding theoretical mobilities can be well approximated, in the 
vicinity of a fixed temperature Tq, by an Arrhenius formula 



/i = /io exp(-Ef /^bT) , (15) 

where the preexponential /xq and the "effective barrier height" E^ depend weakly on Tq. We 
then can identify E^^, evaluated at a suitably chosen Tq- value, with the activation energy 



7 



i?a derived from the experimental data. In the following, we use To = 300 K throughout; 
this value is roughly equal to the average of the centers of those T-intervals over which the 
Hall data of Fig. ^ exhibit Arrhenius behavior. 

In order to infer true barrier heights, we match the effective barrier heights E^^ to 
the activation energies given in Table I by adjusting the values of the parameters in 
the trapping-state density Dt{E). In our previous analysis of Hall mobilities within the 
thermionic-field-emission model ||2^, we have assigned fixed values to the parameters Eq, k, 
and e, and subsequently adjusted the value of the area density Nq independently for each 
sample, i.e., for each donor concentration A^d? such as to obtain E^^ = E.^. The resulting 
Ag-values can be accurately fitted by means of the interpolation formula Nq = + ai 
(cf. Sec. HI). 

Here, within the unified model, we adopt the matching procedure of Ref . |^ , using, in 
particular, the same values for the parameters Eq, k, and e (cf. Sec. HI). The adjusted values 
of the area density Nq for the different donor concentrations can again be interpolated 
by a linear expression, with parameter values = 3.79 x 10^^ cm~^, ai = 7.04 x 10^^ cm. 
While the value of ao is close to that of Ref. p^, the value of ai is smaller by about 30%. 



Varying the values of ^^o, i^, and e within reasonable bounds does not lead to a substantial 
change in the adjusted values of Nq. 

Using the interpolation formula for Nq as a function of Nd_, we have calculated from Eqs. 
(p!T|) and (|15D a continuous curve for the A^d-dependence of the effective barrier height E^, 
which is displayed in Fig. ^ along with the activation energies i?a- Also shown are the results 
of the thermionic-field-emission model, calculated with the same set of parameter values as 
used in the unified-model calculations. In obtaining the classical unified-model results for 
E^^ [r = 1 in Eq. (|ll])] included in Fig. ^, an independent adjustment of the parameter 
values in the trapping-state density was performed. With k = 5 x 10^'^ cm~^ eV~^ and 
e = 30 meV, a good fit to the activation energies was achieved by choosing for the area 
density A'o the constant (Ad-independent) value 2.89 x 10^^ cm~^. 

The true grain-boundary barrier height E-^, defined here as E-^ = E^ — E^ (i.e., identified 
with the "band bending" |jl|), is directly read from the band edge profile Ec{x) calculated 
with the adjusted parameter values in the trapping-state density. Referring the barrier 
height to the profile at the center of the grain, E^, is appropriate when discussing results in 
which tunneling is taken into account [cf. Eq. (^]. In Fig. we show barrier heights £'b for 
the full and the classical unified model as a function of donor concentration Ad. For direct 
comparison, we include the corresponding results for E^^ (cf. Fig. R). 



B. Discussion 



The principal result of our analysis of Hall mobilities is that the true potential barrier 
heights derived within the unified model deviate substantially from the Hall activation ener- 
gies. Considering the results presented in Figs. | and |^ in detail, we conclude that although 
the unified and thermionic-field-emission models generally yield appreciably different values 
for the electron mobilities (cf. Sec. HI), the effective barrier heights obtained from the two 
models are in close agreement when one and the same (adjusted) set of parameters in the 
trapping-state density is used, thus implying identical values for the true barrier heights. In 
the present analysis, therefore, the effective barrier heights turn out to be not sufficiently 



8 



sensitive to either type of transport mechanism; the subtle effects of the interplay between 
ballistic and diffusive transport, which are taken into account in the unified model, cannot be 
resolved within the uncertainties of the analysis. In the unified model, as in the thermionic- 
field-emission model, the transport mechanism manifests itself essentially through the effect 
of tunneling, which causes the true barrier heights to deviate appreciably from the effective 
heights, in particular for large donor concentrations. 

It is seen that the true barrier heights derived within the classical approximation come 
closer to the effective heights, i.e., to the Hall activation energies. Finally, it is found that 
the adjusted values of the area density of the trapping states rise rapidly with increasing 
donor concentration when tunneling is taken into account. In the classical description, on 
the other hand, the area density exhibits a very weak dependence on donor concentration. 
The latter result is in line with the finding obtained by Seto |T0| for p-type /ic-Si thin films. 

In order to assess the general reliability of the present description and the relevance of 
the results of the analysis of Hall data, a number of remarks are in order. 

(i) In our description of barrier-controlled transport, we have disregarded a number of 
effects whose consideration may quantitatively alter our results. We have confined ourselves 
to a one-dimensional formulation and have treated chains of identical grains only. Fluctua- 
tions in grain length, the non-planarity and inhomogeneity of the grain boundaries, and the 
perturbation caused by column boundaries have not been taken into account. 

(ii) The absolute values of the electron mobilities calculated for n-type /ic-Si are by about 
one order of magnitude larger than the experimental values (cf. Figs. ^ and |^. Inhomo- 
geneities in the grain-boundary properties that are not allowed for in our one-dimensional 
treatment are likely to be responsible for this feature. 

(iii) There is a zone of disorder of finite extension at real grain boundaries (albeit es- 
timated to be very narrow (width < 1 nm) in /xc-Si [0). Thus, the band edge profiles 
calculated under the assumption of infinitesimally narrow grain boundaries will have no 
physical meaning in the close vicinity of the boundary. Accordingly, with increasing narrow- 
ing of the barriers, i.e., with increasing donor concentration, the uncertainty in the values 
inferred for the true barrier height Ey, rises. For > 10^° cm~^, the calculated widths of 
the barriers are smaller than 1 nm, so that in this range no significance can be attached to 
the values of i?b (cf. Fig. |, dashed parts of upper curves). 

(iv) In our analysis of Hall mobilities, uncertainties (aside from those associated with 
the basic limitations of our theoretical treatment) arise mainly from inaccuracies in the A^d- 
values assigned to the different samples. The finite film thickness and its variation from 
sample to sample may also be a source of uncertainty. 



V. SUMMARY AND CONCLUSIONS 

In this paper, carrier transport across grain-boundary potential barriers in microcrys- 
talline semiconducting materials has been theoretically studied with the aim to elucidate 
the role played by the transport mechanism. To this end, a recently developed model that 
unifies the ballistic and diffusive mechanisms was applied in the calculation of electron 
mobilities. A one-dimensional formulation of the model was used in conjunction with the 
trapping model. Quantum corrections allowing for tunneling were taken into account within 
the WKB approximation. 
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In order to exhibit general features of the unified model, electron mobilities for //c-Si 
have been calculated as a function of various parameters, such as carrier mean free path, 
grain length, number of grains, and temperature. Sizeable deviations from the results of the 
thermionic-field-emission model were found, particularly for large numbers of grains and for 
small grain lengths at low donor concentration. 

Furthermore, we have confronted the unified transport model with experimental results 
by analyzing Hall mobilities for highly phosphorus-doped ^c-Si:H thin films in the range 
of thermally activated transport. From the Hall activation energies, "true" grain-boundary 
barrier heights were determined by matching effective barrier heights deduced from the 
unified-model mobilities to the activation energies. The true heights turn out to be sub- 
stantially larger than the activation energies, mainly owing to the effect of tunneling. The 
area density of trapping states obtained from the matching procedure rises rapidly with 
increasing donor concentration if tunneling is included in the unified-model calculation, but 
is virtually independent of donor concentration in the classical case. 

In view of the limitations of our model description of carrier transport and of the uncer- 
tainties of our analysis of Hall mobilities, it would be premature to draw general conclusions 
from the results of the present study. Our results indicate, however, that in many cases of 
practical interest the thermionic-field-emission model may provide a sufficiently good de- 
scription of barrier-controlled carrier transport. In order to reach definitive conclusions on 
the relevance of the unified transport model, more general versions of this model have to be 
worked out and systematically applied in the analysis of transport properties of microcrys- 
talline semiconducting materials. 
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TABLES 



TABLE I. Preexponentials /i^ and activation energies i?a for different samples of phospliorus- 
doped ;Uc-Si:H thin films with donor concentrations N^, obtained by fitting expression (jM]) 
to the Hall mobility data shown in Fig. |^. 



# 


(10^8 cm-3) 




(cm2 s-i) 


(meV) 


1 


1.7 




5.6 


55 


2 


2.8 




5.6 


47 


3 


9.3 




5.5 


31 


4 


30 




7.7 


25 


5 


72 




5.2 


18 


6 


125 




3.7 


17 


7 


292 




2.6 


11 
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FIGURES 




FIG. 1. Schematic equilibrium band edge profile for a chain of identical grains. 
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FIG. 2. Theoretical electron mobilities for n-type /xc-Si with grain length s = 15 nm at tempera- 
ture T = 300 K, plotted as a function of mean free path / (lower abscissa) [or of donor concentration 
(upper abscissa)]. In the conversion of into / (cf. inset), a relation given in Ref. was 



used. Solid curves: mobilities calculated from the unified-model expression (11); curve UMi: single 
grain, curve UMqo: chain of many grains. Dashed curve: mobility in the thermionic-field-emission 
(TFE) model. For parameter values in the trapping-state density (|l3|), see text. 
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FIG. 3. Illustration of the effect of tunneling on the electron mobilities. Solid curves: uni- 
fied-model mobilities of Fig. Dashed curves: corresponding classical mobilities, calculated from 
Eq. (11) with r = 1. Inset: /-dependence of the tunneling correction F. 
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FIG. 4. Unified-model mobilities for n-type fic-Si with grain length s = 15 nm at temperature 
T = 300 K, calculated from Eq. (Ill] ) as a function of the number of grains, i/, for different values 
of the donor concentration N,i. The numbers attached to the curves are the A^d-values in units of 
10^^ cm^^. For comparison, the corresponding mobilities in the thermionic-field-emission model, 
with increasing from top to bottom, are indicated by bars at the right-hand ordinate. For the 
parameter values in the trapping-state density ([l3[), see text. 



17 




FIG. 5. Theoretical electron mobilities for n-type /ic-Si at temperature T = 300 K and dif- 
ferent donor concentrations N^, plotted as a function of grain length s. Solid curves: mobilities 
calculated from the unified-model expression ( |ll] ) for v — > oo. Dashed curves: mobilities in the 
thermionic-field-emission model. The numbers attached to pairs of curves are the A^j-values in 
units of 10^*^ cm~^. For the parameter values in the trapping-state density (13), see text. 
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FIG. 6. Hall mobilities as a function of inverse temperature for thin films of phosphorus-doped 
//c-Si:H 1 19, 20 1 . The straight lines fitted to the data in the high-T range determine the preexponen- 
tials /iy and the activation energies E^, introduced in Eq. (|l^). The labels attached to the different 
lines correspond to the numbering of the samples in Table I. 
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FIG. 7. Theoretical electron mobilities for n-type ;UC-Si with grain length s = 15 nm and 
different donor concentrations N^^, plotted as a function of inverse temperature, 1/T. Solid curves: 
mobilities calculated from the unified-model expression ( |TT|) for v oo. Dashed curves: mobilities 
in the thermionic-field-emission model. The numbers attached to pairs of curves are the A'^d-values 
in units of 10^*^ cm~'^. For the parameter values in the trapping-state density ([l^) and for the 
definition of Tq, see text. 
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FIG. 8. Activation energies and effective barrier heights for n-type /xc-Si as a function of donor 
concentration N^. Symbols: activation energies E^, deduced from the Hah data (cf. Fig. |^and Table 
I). Solid curves: effective barrier heights for s = 15 nm, obtained by fitting expression ( |T5|) to 
the unified-model mobilities calculated from Eq. (11) at Tq = 300 K; curve UMqo: result based on 
the full expression (|ll|), curve UM^: classical result [F = 1 in Eq. Dashed curve: effective 

barrier heights obtained from the thermionic-field-emission model. For the parameter values in the 
trapping-state density (13), see text. 
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FIG. 9. Grain-boundary barrier heights for n-type /ic-Si as a function of donor concentration 
N^. Sohd curves: true barrier heights E-^ for the parameter values of Fig. |8|, derived within the 
unified transport model; curve UMqo: result based on the full expression (pA|), curve UM^: classical 
result [r = 1 in Eq. (11)]; the meaning of the dashed parts of the curves is explained in the text. 
Dotted curves: corresponding effective barrier heights (cf. Fig. 
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